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Time is one of the independent quantitie§

. < o hasis for the nieasuring system of
chosen s & X . . .
To establish a time scale, that 1s, to
\pccif\’ a4 timie coordinate, we must ﬁrst;
;.-(;ml‘ish an origin ;mdq constant unit ot
;{mc and lav off the untt at least as far as
alf points of in}crest,_m exact anallogy to Fhe
Spcgiﬁcution of position. The orb.lt.:l motion
of the carth about the sun provides a time
Ephemeris Time (ET) which is
suitable 1 these respects, and also Fonsn—
wtes a standard from which the unit may
alwavs be obtained. In October, 1936, the
International Committee on Weights and
Measures. with representation from  the
United States. eficctively adopted the sec-
ond of ET a= the fundamental unit of time
by resolving that “the second is the fraction
1731,550,923.9747 of the tropical year for
January 0, 1900 at 12 hours Ephemeris
Time.™! The tropical vear for any given
epoch (or moment) is the interval, taken
semmetricatly about that epoch, necessary
for the mean longitude of the sun to increase
by 300°, as measured along the ecliptic from
the vernal cquinos. This definition of the
second haz been one of many attempts to
define a unit of time 15 which remains con-
atant with cpoch, 2) which is physically
realizable o high precision, and 31 which is
permanently available for observation.

Ephemeris = obrained in practice
by observations vir the positon of the moot
and reference 1o tables giving this position
asafunction of 15T, As the fundamental unit,
the second of " replaced the secoud of
Universal Time (UTh, a time scale based
on the rotation of the carth. The delay in
the determination of UT from the astro-
nomical observations i= of the order of a
month: the delav in the determination of
ET o any usefui degree of accuracy is of
the order of severad

science.

seale, called

o

) Vears.

[he maintaining of a national standard
of tin.w consiats of the process of determining
_thc time scale i the United States from the
nnern;\_ti(m:ll standard and making this in-
formation availuble to the user. Often, how-
ever, as with position, it is only time differ-
etices or time intervals which are of interest.
“}15 _ncC(l for convenient interval deter-
miation has led 1o the common use of other
tme scales with casier realizability than ET.

Measurements often have been, and still
;‘;Q CX‘I}':CS'Sp(] i terms of time scales other
UrdrI;l;ﬁq[[-)[‘[ h(,’ﬁ\:‘v %)\hcr scales are all related
o § ¢ f‘o‘l; | and to CLI(,‘}.I other through

version fuctors with various degrees of
Precision as (o size of uuir at lcastj and in

¥ Received Ly the [RE

-0mite  International

“Proce.\"
&ﬂ-o;t_»\ erbaux de S
- 25, Ganthier-\iy

October 13, 19359,

il des Poids et Mesures,
7 1036 Session, Ser. 12,
3 1037,

PROCEEDINGS OF THE IRE

some cases as to origin also. The situation
is analogous to using a measuring rod of
different length than the standard rod but
of known calibration. For example, UTO is
the astronomically observed Universal Time
or mean solar time, uncorrected for polar
-ariation and annual fluctuation in the
earth's speed of rotation; UT1 is UTO cor-
rected for polar variation; UT2 is UT1
corrected for annual variation. None of the
UT seconds is constant. They are variously
determined by several nations. Various other
nominal “seconds”™ are defined by the dura-
tion of a specified number of periods of sari-
ous oscillators or resonators, such as quartz
or atomic devices. These all have the out-
standing characteristic that they are more
readily observable than ET. The atomic
time unit, furthermore, is assumed for the
present to be as constant as the unit of ET.

THE UNITED STATES FREQUENCY
STANDARD

A national standard of frequency called
the United States Frequency Standard
(USFS) is maintained at the Boulder Lab-
oratories, National Bureau of Standards,
for the purpose of making immediately and
continuously available, through the Stand-
ard Frequency Broadcasts discussed below,
a provisional time scale with which to make
measurements. This provisional scale is suf-
ficiently accurate for all civil and most
sclentific uses. Nevertheless, for the highest
possible accuracy, this scale must be con-
tinually corrected to or calibrated against
the national time scale as finally deter-
mined, and it must be relatable to other fre-
quency and time scales in common use.

The USFS in general consists of the
weighted value of the outputs (reduced of
course to a common basis) of several actual
oscillators and resonators maintained at the
Boulder Laboratories, these devices being
among the best available at any current
state of the frequency control art. In par-
ticular, the USFS is presently stable to 2
parts in 10'% or better over intervals from
about 1 to 10° minutes; over longer inter-
vals, its value has beer maintained as con-
stant as possible prior to October 9, 1957
with respect to the UT2 second as deter-
mined by the U. S. Naval Observatory, and
since October 9, 1937 with respect to atomic
frequency standards. These atomic stand-
ards have been compared with other atomic
standards via a network comparison. Such
atomic standards have been shown to be in
agreement and to remain constant with
respect to each other to § parts in 10' or
better.®?

<sen, Parry, lolloway, Mainburger, Reder, and
Winkler, “Comparison of cesium frequency standards
of different construction,” Nature, vol. 182, pp. 41-42;
July, 1958,

3 Mockler, Beehler, and Barnes, “An evaluation
of a cesium beam frequency standard,” Symposium
Record, Office of Naval Research Symposium on
Quantum Electronics, Bloominghurg, N. Y.. Sep-
tember (4-16, 1959.

STANDARD FREQUENCY BROADCASTS

The United States Frequency Standard
is distributed to interested users by means
of standard broadcasts of Radio Stations
WV and WiVVH., The frequencies of these
stations are kept in agreement with respect
to each other and have been maintained as
coustant as possible with respect to the
United States Frequency Standard since De-
cember 1, 1957. The nominal broadcast
frequencies should, for the purpose of highly
accurate scientilic measurcrents, for estab-
lishing high uniformity among frequencies,
or for removing unavoidable variations in the
broadcast frequencies, be corrected either
to the United States Frequency Standard,
as indicated in the monthly tables published
in the IRE ' or to a particular time scale as
determined by the Naval Observatory, with
adequate limirts assigned for propagation
errors.

TiME St6NaLS

Time signals, sufficiently accurate for all
civil and most scientific uses, are also carried
by the standard broadcasts. The WW\ and
WWVH time signals are also kept in agree-
ment with cach other. They are locked to the
nominal frequency of the transmissions, and
consequently may depart continuously from
other time scales such as UT2. Corrections
expressed as the times of reception of the
WV time signals on the U2 scale are de-
termined and distributed by the U, S. Naval
Observatory.d Recently, the Observatory
has established a particular atomic time
scale, A.1, with unit determined by 9,192.-
631,770 periods of Cs at zero tield and origin
coinciding with UT2 on January 1, 1938, and
has published times of recepticn of WMWY on
this scale also.® Agreement with time on the
UT2 scale, or simply agreement with UT2,
within = 30 msec at all times, has been main-
tained by making step adjustments in time
of precisely plus or minus twenty millisec-
onds on Wednesdays at 1900 UT when
necessary., Beginning January 1, 1960, the
broadcast frequencies will be oifset from the
United States frequency standard by a dif-
ferent amount than heretofore in order to
establish a unit in substantial agreemeunt
with the current value of the unit of UT2.
Thus the time signals, locked to the broad-
cast frequency, will require less frequent ad-
justment than in the past.

]
i
t

CorrrcTions oF THiE USFS aND THE
STANDARD FREQUENCY BROADCASTS

The method of final correction of the

1W. D. George, “WWYV standard frequency trans-
missions,” Proc. IRE, vol. 46, pp. 910-911: May,
1958, and subsequent months,

s 900, 8. Naval Observatory Time Signals, T, Pre-
liminary Times of Reception, UT2,” Bulletin B,

7. S. Naval Observatory, Washington, D. C. {(un-
published).

“17. S, Naval Observatory Time Signals, Final
Times of Reception, UT2,” Bulletin A, L. S. Naval
Observatory, Washington, D. C. {unpublished).

¢ *Time Service Notice No. 6,7 U. S. Naval Ob-
servatory, Washington, D. C., January 1, 1939 fun-
published).
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USFES and the Standard Frequeney Broad-
casts to the national time scale has changed
over the vears as improvements in the meas-
urement, of time and frequency have been
made.

Fig. 1 shows schematically the relation
between the frequencies .., cveles per
common unit of thne} of hypothetical oscil-
lators which oscillate such as to mark off the
unit of the time scales indicated alter ex-
actly the same number of cveles in each
case. The {requencies are shown relative to
the value of the hypoithetical oscillator
marking off the defined unit of ET. The
ligure is Lq\”\u](’llll\ interpreted as the re-
viprocal of the size of the units of the indi-
cated time scale relative to the unit of ET.

The Standard Frequenoy Broadeasts and
Time Signals have been and arve related to
the UT and time scales as explained
above. From these observations, frequency
corrections  of the Standard Frequency
Broadcasts to these zcales are casily made;
and in addition, conversion from the UT
scale at a given epoch to the ET scale is
available after reduction of astronomical ob-

cervations 7~

Fig. 1—Relative ir equenmc~ nl
U\L umc indicated;

e lengths of n i val B

ales. W 1d1h of Cs md l %14 Imc

indicates precision: cross hatching shows assigned

accuracy of Cs {requer The UF2 «cale iz derived

from smoothed data.s The UT2 nnit is ransiderahly

keeping

m(h d[td tim

The WiV ¢
ervatory Notice. s
1wsmissions will he
1, 1060.

S8 ] hian the other
is taken from a U. S. Naval )]
Values of USFS and WWV
altered as indicated on _Tnmuny

Prior to October 9, 1957, the final value
of the USFS was assigned retrospectively
on the UT scale from the determination of
the frequency of the Standard Frequeney
Broadcasts on this scale and the known rela-
tion  between the Standard  Frequency
Broadcasts and the USFS. These values
have not been published, but are a matter of
scientific record at the National Bureau of
Standards.

With improvement in stabilivy and con-
stancy realized tn the maintenance of the
USFS by the availability of atomic fre-
aquency standards, monthhy publications of

corrections  of the Standard Freqnenm'
Broadeasts to the USES were made from
October 9, 1937, to realize the advantage of

rapid correction 1o @ more constant fre-

P Bssen, Parry, Markowitz, and Hell, "\7
~pecd of rotation ot the earth since fune.
Nature, vol. 181, p. 1054, April, 1958,

f Markowitz, Hall, Eszen, and Purry, "Frequency

- m in terms of Ephemeris Time,” Pivs. Rer
Letters, vol. 1, pp. 105-106: August, 1‘)>§

¢ Browwer, “\ study of the change
rotation of the carth.”
146, September, 1932
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Astron, J.. vol. 37, pp.
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quency than that based on the unit of UT2.

1t is thus also necessary to relate the
USFS and Standard Frequency Broadcasts
to frequencies provided by atomic frequency
standards such as cesium. Since the relation
of an atomic time unit defined by a given
number of periods, N, of an atomic oscillation
to the unit of ET has not vet been adopted
internationally, we are required to state ex-
plicitly an assumed value of N when com-
paring frequencies or times to an atomic
scale. In comparing the USFS to an atomic
time scale, the following equality was
adopted as of Ocrober 9, 1957, and holds to
a precision of 1 part in 10'%; 100,000.000 . . .
periods of the USFS equals Ny periods of
the zero-field (4, 0)¢=(3, 0) Cs transition,
where N7 equals 9,192,631,838.

If Ny is the number of Cs oscillations per
unit of ET, then the ratio No/N7 may be
used to convert the USFS to the ET scale
as soon as Ng is determined. Markowitz,
et @l * have measured Ny to be 9,192,631,770
+20 as the number of Cs oscillations per
unit of ET, providing the best and only
value expected for several vears. Effective
Tanuary 1, 1960, the value of the USES will
he corrected so that N equals 9,192,631,770,
and the published corrections to the Stand-
ard Frequeney Broadcasts will thus be given
with respect to the unit of ET as realized by
atomic standards to a precision of the inter-
romparizon of atomic standards (a few parts
in 1019 and to an accuracy determined by
rhe work of Markowitz, ef «l. {£22 parts
in 10,

The tinal correction of the Standard Fre-
quency Broadcasts, and hence the USES, to
the n;ltifmul time scale, will be cfiected by

the Naval O

heervatory by the obzervation of
the times of reception as described.

In summary, to express a given tine in-
terval or ‘rcwcncy in terms of the inter-
: indard, it must be referved 1o a
standard hmad(‘:xsr, or some atomic stand-
ard with proper regard for the precision of
this comparisoin, and the Jatter standard
must be referred to the ephemeris second as
indicated herein with proper regard for the
uncertainties involved.

NATIONAL BUREAU OF STANDARDS
Boulder. Colo.

WWYV Standard Frequency
Transmissions™®

Since October 9, 1957, the Nationa! Bu-
reau of Standards radio stations WWY and
WAVN'H have been maintained as constant
as possible with respect to atomic frequency
standards maintained and operated by the
Boulder lLaboratories, National Bureau of
Standards. On October 9, 1957, the U.S.A.
Iwcqnonq Standard was 1.4 parts in 10¢
high with respect to the frequency derived
from the UT2 second {provisional value) as
determined by the Ul S, Naval Observatory.
The atomic frequency standards remain con-

* Receved by the IRF, Novernher 27, 1034,

Jan rary

stant and are known to be constant te 1 parg
in 10® or better. The broadcast 1reqncncy
can be further corrected with respect to the
U.S.A. Frequency Standard, as indicated i
the table; values are given as parts in 10w,
This correction is nof with respect to the cyr.
rent value of frequency based on UT2, A
minus sign indicates that the broadcast fre.
quency was low.

The WWYV and WWVH time signals are
synchronized; however, they may gradually
depart from UT2 {(mean sclar time cor.
rected for polar variation and annual fluc.
tuation in the rotation of the earth). Correc.
tions are determined and published by the
17 S, Naval Qbservatory.

WWVand WWVEH time signals are main-
tained in close agreement with UT2 by
making step adjustments in time of pre-
cisely plus or minus tweaty milliseconds on
Wednesdavs at 1900 UT when necessary;
no tinme change or adjustment was made at
WWV and WWVH during October. Re-
tarding time adjustments were made on No-
vember 4 and 18, 1939,

WWY FreQuexNceyt

1959 1 =2 -3
October i - —26
23 - —20
3 -2
17 -
5 —-24
6% —: —17
7 -3 - 27
g —38 -8
9 —37 -3
10 -—36
i1 —36
12 - 9
12 — —30
14 - 21
15 - —30
16 - —30
17 -
i8 -
10 —31 — 30
20 —30 --30
21 - 30 —19
22 —30 -0
23 —30 -3
24 —-30
’5 —30
26 —30 - 20
27 —30 —30
28 —30 —31
29 —31 -2
30 —31 - 20
31 —~31
Nevember 1
2 20
3 —33
4 —28
5 —~28
6 —28
7
8
9 —17
10 —-28
11
12 -28
13 -28
FAWWVH frequency is synchronized with that of

AWV,

Column 1 V2 NBSIatomic standard
Colo., 30-day moving averaz
onds pul ses at 15 me,

Ve atomichron at WWV, mea<uring
time onc hour at 2.5 mec.

N

Column =2

Colnmn -3 Vs atomichron at the U aval
Research Laboratory, We ton,

measuring time 56 mi

T Alethod of averaving 1= =uch that an adj
of 1re cy of the control oxcillator appea
day it is made, The rollowing frequency adijn
were made:

o

October 2--minax 3 X10~
October 4~ minns 9 X10
October 6-—minns 7 X101,

NATIONAL BUREAT OF STANDAKDS
Bonlder, Colo.




